INTRODUCTION AND RATIONALE
downstream coastal and marine ecosystems [1] [2] [3] [4] . Total nutrient fluxes from glaciers are 20 predominantly controlled by freshwater fluxes and the physico-chemical and microbiological 21
cycling of nutrients at the glacier surface 5, 6 and bed 7, 8 . Here we focus on the Greenland Ice 22
Sheet (GrIS), where outlet glaciers discharge c. 1000 Gt yr -1 freshwater runoff to the 23 neighboring oceans 9 . Freshwater fluxes from the GrIS into the North Atlantic are increasing 24 at a rate of 16.9 ± 1.8 km 3 yr -1 9 , which may enhance the net terrestrial export of nutrients 25 from the ice sheet. This has the potential to impact primary productivity at local 10 and 26 regional scales 11 and may affect fjord and marine microbial food webs 12 . Recent work 27
suggests that meltwater discharged from the GrIS may export significant quantities of 28 potentially bioavailable dissolved organic matter (DOM) 2, 4 and iron 3, 13 to the coastal oceans. 29
Glacially-exported DOM contains a high proportion of protein-like compounds 1, 14, 15 , 30 suggesting the potential export of bioavailable dissolved organic nitrogen (DON). Several 31 studies have estimated the annual DON yield in glacial runoff [16] [17] [18] and suggested a 32 microbial 19, 20 or aerosol provenance 21 for DON compounds. However, the abundance and 33 character of the nitrogen-rich compounds in the DOM are still not well known. High N:C 34 elemental ratios (≥0.27; determined by electrospray ionization (ESI) coupled to Fourier 35 transform ion cyclotron resonance mass spectrometry (FT-ICR MS) following C 18 DOM 36 extraction) in supraglacial samples from a small (5 km 2 ) western GrIS outlet glacier suggest 37 meltwater transits the glacial system. At the glacier surface, allochthonous DOM may derivefrom the deposition of aerosols comprising fossil fuel combustion by-products 15, 21-24 and 44 wind-blown organic material 25 . Allochthonous DOM at the bed likely originates from 45 overridden material (ancient terrestrial origin) 1 or via inputs of DOM from the surface where 46 hydrological connections exist. Autochthonous DOM, arising from in situ microbial 47 production, is generated largely via photoautotrophic activity on the glacier surface 5, 6 and via 48 chemoautotrophic metabolism at the glacier bed 2 . The molecular composition of the DOM of 49 meltwaters may allow us to "fingerprint" surface-derived and subglacially-derived 50 compounds, and thus, would yield insight into the controls on the type and reactivity of DOM 51 exported from the GrIS 4 . 52 53 DOM export from glaciers and ice sheets may drive heterotrophic production in nearby 54 coastal and marine ecosystems 1 . It may also influence primary production in these 55 ecosystems, via the uptake of amino acids and urea by some phytoplankton 26, 27 or via the 56 remineralisation of DON to dissolved inorganic nitrogen (DIN) [26] [27] [28] . It is notable that nitrogen 57 is a primary limiting nutrient for phytoplankton productivity in many of the world's oceans 29 , 58 including basins surrounding the GrIS, e.g. the Labrador Sea 30 , and the West Greenland 31 and 59 NE Greenland coasts 29 . Reduced levels of DIN are commonly observed in marine surface 60 waters in summer, causing a decline in primary productivity after the seasonal maxima in 61 spring 29, 32 . Primary production also plays a critical role in the net biologically-mediated 62 exchange of CO 2 between the atmosphere and ocean 33 , which exerts an important regulatory 63 in a cold, dark field environment and were refrigerated (~4 ºC) < 7 days after collection andfrozen (-20 as an instrument blank. Samples were infused into the ESI interface at 5 L min -1 , and 149 instrument parameters were optimized for each sample. Samples were diluted to optimize 150 spray conditions; dilutions ranged from 1:2 to 1:8. The capillary temperature was set at 250 151 ºC, and the spray voltage varied between 3.60 and 4.10 kV. As in 20 , ~200 scans were 152 collected for each sample. The mass range for full-scan negative ion mode collection was 100 153 < m/z < 1000. Weekly mass calibrations were performed with an external standard (Thermo 154 Calibration Mix), and resulted in mass accuracy errors of <1 ppm. The target average 155 resolving power was 400,000 at m/z 400. 156 FT MS Data Analysis. Peak detection, solvent blank correction, peak calibration and 158 elemental formula assignments followed the protocol described in 20 . Negative ion mode 159 spectra were internally re-calibrated using the m/z values provided in Table S2 . After internal 160 re-calibration, the root mean square (RMS) errors for the calibrants ranged from 0.08 to 0.20 161 (mean value: 0.11). As in previous work 20 , elemental formulas of our samples were compared 162 to those assigned to Suwannee River Fulvic Acid (SRFA) Standard I (Suwannee River analysed in negative ion mode, was used to identify microbially-derived components of our(DBE), a proxy for the amount of double-bonds and rings in a molecule, were also 169 calculated 46 (Table S3) . 170
171
Multivariate Statistics. Differences among all samples in our dataset were assessed using 172 cluster analysis and non-metric multidimensional (NMS) scaling based on a Bray-Curtis 173 distance measure. For this analysis we limited our interpretation solely to peak diversity by 174 transforming all relative peak heights to presence (peak height = 1) or absence (peak height = 175 0). This was done in order to circumvent known issues associated with using peak height 20 . In 176 the cluster analysis, Ward's linkage was used to group the samples, and p-values for each 177 cluster were calculated via multiple bootstrap resampling (see Supplementary Methods). No 178 additional information was gained from the NMS ordinations so we focus here only on the 179 cluster analysis (Figure 1 ). The cluster analysis separated the samples into four significantly 180 different groups: Sub1, Sub2, Sub3 and Supra. We then reduced the complexity of our dataset 181 by focusing on the peaks that appear more than once in each group. Thus, we derived what 182 we refer to as 'consolidated sample groups'. For instance, peaks present in Sub1 had to be 183 present in >1 of the samples that are included in the Sub1 group defined by the cluster 184
analysis. This increased our confidence in our observations because they are based on 185 repeatable m/z values, rather than on the full dataset, which may contain spurious noise peaks 186 and/or peaks near the signal-to-noise threshold. We also defined 'unique sample groups' for 187 subglacial and supraglacial samples, which required peaks to be present in either only 188 supraglacial sample groups or only subglacial sample groups (labelled 'unique supra' and 189 'unique sub' respectively). Wilcoxon rank-sum tests were conducted to assess the 190 significance of differences in magnitude-averaged N:C, H:C, DBE, and the percentages ofgroups (see Supplementary Methods, (Tables 2, S5 ) in the consolidated and unique supraglacial groups. The 231 difference in condensed hydrocarbon contributions in consolidated subglacial and 232 supraglacial samples was significant at the 96% confidence level (Table S4 ). In contrast, the 233 subglacial samples have relatively low H:C and higher DBE magnitude-averaged values, 234 likely from increased condensed hydrocarbon and terrestrial contributions 49 , including 235 compounds present in SRFA, the terrestrial end-member 37 . While the differences between 236 subglacial and supraglacial samples outlined above were statistically significant, there may be 237 some bias in the dataset created by the larger number of subglacial samples analysed relative 238 to supraglacial samples. This was unavoidable due to the time-consuming nature of sampling 239 and the logistical complexity of sampling waters far into the GrIS interior. We acknowledgethis potential bias when discussing differences between the DOM compositions of subglacial 241 and supraglacial waters. 242
243
There is no apparent temporal trend in the composition of the subglacial samples analysed 244 by ESI FT-ICR MS. This compares well with previous work on DOC export from the 245 catchment 4 . Bulk DOC concentrations (7-32 µM C) were comparable to concentrations in 246 other glacial systems 19, 20 and were not significantly associated with discharge (Table S1 ). We 247 compared the timing of subglacial sample acquisition with their DOM cluster patterns ( Figure  248 2) to ascertain if there were specific hydrological or hydrochemical processes driving these 249 distinctions. We found no clear pattern in the timing of the three clusters in relation to the 250 trends in bulk discharge and major hydrological events (e.g. subglacial "outburst events" 251 denoted by shading in Figure 2) . 252
253
We further compared DOM subglacial cluster patterns to geochemical proxies to determine 254 the extent to which subglacial water routing influenced these sample groups. The ratio of 255 divalent to monovalent (di:mono) cations is a proxy for rock:water residence time 50, 51 , with 256 higher proportions of monovalent ions believed to reflect enhanced silicate dissolution in 257 long residence time subglacial waters ( Figure S3 ). The di:mono cation ratio appeared to 258 correlate directly with the percent of protein-like formulas in Sub2 (R 2 = 0.86). No 259 correlations were observed in Sub1 and geochemical associations were not determined for 260 Sub3 due to the small sample size (n=3). 261 lipids, lignins, proteins, carbohydrates and terrestrial groups, and the large diversity in 268
compound formulas within the groupings shows that a chemically diverse range of DOM 269 compounds is exported in runoff from the GrIS. We attribute this to the existence of multiple 270 surface and basal sources for DOM within this large ice sheet catchment, which mix to form 271 the meltwaters exported via the glacier portal at the margin. Glacially-derived DOM also 272 differs markedly to that from marine and other freshwater systems due to higher proportions 273 of N-rich elemental formulas and protein-like formulas (Tables 1, 2 also suggests that allochthonous sources, such as overridden terrestrial material, may be a 335 major contributor to subglacial DOM beneath the GrIS. A terrestrial origin for DOM 336 produced in subglacial environments has been reported elsewhere 19, 60 . Contact with 337 particulate organic matter on the GrIS surface is limited to windblown debris from both localcompounds in the supraglacial DOM. It is notable that only 14% of the uniquely supraglacialsubglacial formulas. We also find evidence of microbial production of DOM compounds in 342 the subglacial environment based on 18% of the protein-like compounds identified by ESI 343 FT-ICR MS being classified as unique-subglacial (Table 2) . Thus a key finding is that N-rich 344 DOM may also derive from the glacier bed. These N-rich compounds may be generated by a 345 range of microbial processes such as in situ chemoautotrophic production 2, 61 , 346 chemoheterotrophic oxidation of OM substrates to lower molecular weight compounds runoff (27-41% and 16-22%, respectively) compared with 'N' Glacier (8-10% for both, Table  383 1). Ice sheet surfaces can be divided into three 'ecological zones'; the marginal zone, the bare 384 ice zone and the slush zone 54, 63 . Runoff at Leverett Glacier is dominated by melt sourced 385 from the bare ice zone, which may extend ~100 km into the GrIS interior ( Figure S2 ). This 386 contrasts with 'N' Glacier where most of the runoff is derived from the marginal zone. 387
However, contrasts in melt zone proportional contributions to runoff may not fully explain 388 the differences in the DOM compound classes in subglacial runoff between the two glaciers. that meltwater residence time in the subglacial drainage system, and the resultant character of 411 DOM in subglacial export, is more complex than the typical relationship between 412 geochemical species and residence time as applied to smaller glacier systems 44 . Monovalent 413 ion concentrations are thought to increase in longer residence time waters due to enhancedsilicate, relative to carbonate, dissolution 51 , resulting in a lower di:mono ratio. Higher ratios 415 are indicative of carbonate weathering and rapid meltwater transport through the subglacial 416 system 50 . In Sub2, there is evidence that the percentage of protein-like compounds increases 417 with the di:mono ratio ( Figure S3 ), which may be indicative of a supraglacial origin and 418 rapid, conservative transport through the glacial system with limited subglacial storage at 419 times when subglacial residence time are low. However, no trends were observed in Sub1 and 420
we were unable to conduct a robust regression analysis on Sub3 due to the small sample 421 number (n=3). The lack of significant associations between these geochemical indices may 422 support earlier assertions that meltwater from a range of sources is constantly being flushed 423 through the subglacial drainage system. This is strengthened by the lack of a temporal trend 424 in the export of the subglacial groups and evidence that the net meltwater export comprises 425 runoff that is delivered through several hydrological pathways 426
427
In summary, our results indicate that the molecular composition of DOM exported from 428 large, GrIS outlet glaciers is compositionally diverse and exhibits a high proportion of N-rich 429 and protein-like formulas compared with marine and other freshwater systems. The source 430 for the protein-like compounds is likely to be microbial activity at the surface and bed of the 431 ice sheet, but we cannot rule out the possibility that there is also an aerosol source for N-432 containing formulas. The continuous supply of this potentially highly bioavailable DOM to 433 runoff throughout the melt season implies a lack of any seasonal exhaustion trend in the study 434 year. It suggests that new sources of DOM are tapped at the surface and bed with progressive 435 retreat of the snowline. As such, the GrIS may be providing an important nitrogen subsidy to 436 proglacial, fjord and coastal marine environments, where such bioavailable DOM may be 437 particularly important in sustaining microbial production at the height of the summer melt 438 season. group, and the percentage unique to the subglacial and supraglacial groups. Data that was not reported is denoted by "n.r". † = Antarctica. * = 453 recalculated from raw data in Kujawinski et al., (2009 
